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DPIV : Digital Particle Image Velocimetry 
wppm : weight parts per million 
ppm : parts per million 
LDV : Laser Doppler Velocimetry 
RMS : Root Mean Square 
DNS : Direct Numerical Simulations 
PEO : Polyethylene oxide 
LSWC : Large Scale Water Channel 
LDA : Laser Doppler Anemometry 
VFL
 
: Vortex Formation Length 
Cd : Drag Coefficient 
D : Diameter of the cylinder 
U∞ : Freestream velocity 
 : Root Mean Square of velocity component v  
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EFFECTS OF POLYMER ADDITION ON FLOW PROPERTIES AND 
STRUCTURES AROUND CIRCULAR CYLINDERS 
SUMMARY 
In this study, the aim is  to investigate experimentally the effects of polymer addition 
to water on the flow structure and properties of the flow around circular cylinders. 
The flow around the cylinder is determined experimentally by the use of Digital 
Particle Image Velocimetry (DPIV) technique. The flow regime is observed for 
different Reynolds numbers, cylinder diameters and polymer concentration ratios. 
The effects of polymer addition on vortex formation length, vortex shedding 
frequency in terms of the Strouhal number and on the drag coefficient are shown in 
comparison to Newtonian case without polymer addition. 
The experiments are performed in the Large Scale Water Channel with a 1010 mm x 
790 mm test section located at the Trisonic Laboratories, Faculty of Aeronautics and 
Astronautics of Istanbul Tecnical University. Cylinder diameters used in the 
experiments are 1 cm, 3 cm and 10 cm and Reynolds numbers are ranging between 
100 and 13000. Polymer concentrations are selected as without polymer additives, 20 
weight parts per million (wppm), 40wppm and 80wppm. 
At lower Reynolds numbers, the vortex formation length is observed to decrease with 
increasing polymer concentration, whereas the situation is reversed at higher 
Reynolds numbers. Drag is increased in lower Reynolds numbers with polymer 
addition, on the other hand drag reduction can be observed in some cases for higher 

















POLİMER KATKISININ DAİRESEL SİLİNDİR ETRAFI AKIŞ YAPISI VE 
ÖZELLİKLERİNE ETKİLERİ 
ÖZET 
Bu çalışmada polimer katkısısnın dairesel silindir etrafı akış yapısına ve akış 
özelliklerine etkilerinin deneysel olarak incelenmesi amaçlanmıştır. Akış yapısının 
analizi için dijital parçacık görüntüleme hız ölçümü (DPIV) sistemi kullanılarak hız 
alanları elde edilmiştir. Deneyler farklı Reynolds sayıları, silindir çapları ve polimer 
konsantrasyonları için yapılmıştır. Polimer katkısının girdap oluşum uzaklıkları, 
Strouhal sayısı cinsinden girdap oluşum frekansı ile sürükleme katsayısı üzerine 
etkileri polimer katkısız Newtonyen akış ile karşılaştırmalı olarak verilmiştir. 
Deneyler İstanbul Teknik Universitesi Uçak ve Uzay Bilimleri Fakültesinde bulunan 
Trisonik Laboratuvarındaki 1010 mm x 790 mm test kesitine sahip büyük ölçek su 
kanalında gerçekleştirilmiştir. Kullanılan silindirler 1cm, 3cm ve 10cm çaplarında 
olup Reynolds sayısı ise 100 ile 13000 arasında değişmektedir. Polimer 
konsantrasyon miktarları da polimer katkısız kanal suyu, 20wppm, 40wppm ve 
80wppm olarak seçilmiştir. 
Düşük Reynolds sayılarında, artan polimer konsantrasyonu ile girdap oluşum 
uzaklıklarında azalma gözlemlenmiştir ve bu durumun yüksek Reynolds sayılarında 
tersine dönerek artmaya sebep olduğu belirlenmiştir. Sürükleme katsayısı düşük 
Reynolds sayılarında polimer katkısı ile artış gösterirken, yüksek Reynolds 
sayılarında bazı durumlar için azalma olduğu görülmüştür. Polimer katkısının 
Strouhal sayısına ise farkedilir bir etkisi olmamıştır. 
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1.  INTRODUCTION 
Flow around bluff bodies is a classical problem of the fluid mechanics and has been 
studied for more than 100 years. The significance of this type of flows come from 
their direct engineering applications including heat exchangers, bridges and 
petroleum platforms, tall buildings, flag poles and transmission towers etc. The case 
of flow around cylinders form a basis to these bluff body problems and a starting 
point for more complex applications. 
Some 50 years ago, it was discovered that adding small amount of polymer additive 
to the Newtonian fluid affected the flow characteristics deeply. Then it is found that 
polymer solutions lead to a reduction in friction factor and drag coefficient at high 
Reynolds number flows. This effect is used in internal flows such as in Trans Alaska 
Pipeline System to increase flow rates [1], medical applications such as easing the 
blood flow within veins [2], as well as in external flows such as flow over torpedoes 
to reduce drag [3]. Although this effect is known since many years, its mechanism 
and the induced flow structures in transition and turbulence are still under 
investigation. New studies using new experimental methods and advances in 
rheological constitutive models are needed to investigate all these aspects in more 
detail. 
In this study, problems of flow around bluff bodies and drag reduction by polymer 
additives are combined and the effects of polymer additives on the flow around 
circular cylinders are investigated experimentally. Digital Particle Image 
Velocimetry (DPIV) technique is used and the experiments are performed for 
different Reynolds numbers, polymer concentrations and cylinder diameters. The 
vorticity fields, vortex formation lengths and mean velocity profiles in the near wake 
region are compared to Newtonian case without polymer addition. The effect of 
polymer addition on the drag coefficient is quantified. Vortex shedding frequencies 
are determined for the cases with and without polymer addition. 
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Next chapter gives brief information about literature. Detailed information about 
experimental setup, such as; water channel, models and mounting, polymer addition 
and rheometry measurements, DPIV system and post processing of the acquired data 
are given in Chapter 3. Results and comments on the experiments are explained in 






2.  LITERATURE REVIEW 
2.1 Experimental Studies on Pipe Flow with Polymer Addition 
Drag reduction effect of polymer addition has been mainly investigated for internal 
flows. Ptasinsky et al. [4] reported LDV experiments in a fully developed turbulent 
pipe flow at Reynolds number 10000 with a drag-reducing polymer dissolved in 
water. In this work, the root mean square (RMS) of the normal velocity fluctuations 
shows a strong decrease. The amount of drag reduction has been found around 60–
70%. Another experimental investigation on internal flows is carried out by Toonder 
et al. [5] in 1997 with turbulent pipe flow of a dilute polymer solution of 20wppm 
concentration. LDV system is used and it has been found that the peak of the axial 
RMS profile is increased and shifted away from the wall, while in the other 
directions the RMS velocity is decreased. Also it has been proposed that the viscous 
anisotropic stresses introduced by extended polymers play a key role in the 
mechanism of drag reduction by polymer additives. This paper also includes the 
numerical simulations which are in good agreement with the experimental results. 
2.2 Numerical Studies on Pipe Flow with Polymer Addition 
Direct Numerical Simulations (DNS) results of the fully turbulent channel flow of a 
polymer solution are presented in the work of Dimitropoulos et al. [6] which shows 
the increase of the spacing of the streamwise streaks, the decrease of the streamwise 
vorticity fluctuations and the increase in the streamwise velocity fluctuations.  In 
addition, the hypothesis that drag reduction is primarily an effect of the extension of 
the polymer chains, where the increase in the extensional viscosity leads to the 
inhibition of turbulence generating events is reinforced. Besides this, the drag 
reduction mechanism explanation of Housiadas and Beris [7] is eddy based. They 
obtained drag reduction in the DNS of turbulent viscoelastic channel flow at the level 
of 49% and 63%, for the friction Weissenberg numbers of 50 and 100. According to 
them as the polymer elasticity increases, so does the resistance offered to extensional 
deformation. That, in turn, changes the structure of the most energy-containing 
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turbulent eddies (they become wider, more well correlated, and weaker in intensity) 
so that they become less efficient in transferring momentum, thus leading to drag 
reduction. 
2.3 Experimental Studies on External Flow with Polymer Addition 
In addition to internal flows there are some early works on the study of polymer 
effects in flows around blunt bodies. It has been shown by Gadd in 1966 that the 
vortex street behind the body is affected by polymer addition [8]. Sarpkaya et al. [9], 
conducted a detailed analysis on flow separation and turbulence under polymer 
addition for different flow regimes and concluded that these flow characteristics are 
delayed by the use of polymer additives. Kalashnikov and Kudin have shown that the 
vortex shedding frequency is smaller under polymer addition compared to 
Newtonian flow without polymer addition [10]. A supporting paper on lower 
shedding frequencies is written by Pipe and Monkewtiz [11] that reports the 
experiments on vortex shedding from a cylinder placed in uniform flows of low 
concentration polymer solutions for Reynolds numbers from 50 to 150. The fluids 
used were aqueous solutions of polyethylene oxide (PEO) and Weissenberg numbers 
were O(10−1). It is shown that even small amounts of PEO have a significant 
stabilizing effect on the von Karman instability which is in turn destabilized by 
shear-thinning at higher concentrations. The presence of PEO is also observed to 
reduce the saturated vortex shedding frequency and cause a redistribution of velocity 
fluctuations in the attached shear layers. On the contrary, in another study with the 
aqueous solutions of carboxymethyl cellulose and tylose at weight concentrations 
ranging from 0.1 to 0.6% and Reynolds number from 50 to 9000, it has been shown 
experimentally that vortex shedding frequency increases with increasing polymer 
concentration and non-Newtonian solutions have higher Strouhal numbers compared 
to Newtonian fluids [12]. An explanation for this contradiction may lie in the fact 
that shear thinning properties of the fluid lead to a decrease in boundary layer 
thickness in laminar flow which in turn reduces the diffusion length and raises the 
Strouhal number. 
A polymer concentration closer to that used in our experiments can be found in the 
work of Cressman et al. [13]. They observed Karman vortex street in the wake of a 
rod penetrating a flowing soap film. The velocity gradients generated by this rod are 
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modified by the addition of the polymer polyethylene oxide having a concentration 
of 30 wppm. As a result, the RMS velocity fluctuations behind the rod are strongly 
suppressed by the polymer addition and the power spectrum of the velocity 
fluctuations is modified as well. The experiments show that the polymer additives 
decreases the rate at which energy is injected into the flow. The measurements 
further indicate that the polymer introduces an elongational viscosity term into the 
Navier–Stokes equations. 
2.4 Studies Using Surfactant Additives 
The use of polymers in the experimental systems causes some disadvantages such as 
mechanical degradation of the polymer chains and aging through experimental 
process. This damage leads to use of surfactants as drag reducing agents which are 
more durable to degradation. As an example, Ogata et al. [14] investigated effect of 
surfactant solutions on the flow past a circular cylinder in the Reynolds numbers 
ranging between 10 and 100000 by measuring the drag and by flow visualization. 
Surfactant solutions were aqueous solutions of oleyl-bihydroxyethylmethyl-
ammonium-chloride in the concentration range of 50 to 200 ppm, to which sodium 
salicylate was added as a counterion. It was clarified that the drag coefficient of the 
cylinder in surfactant solutions increases, comparing that in water in a lower 
Reynolds number range for constant cylinder diameter. On the other hand, the drag 
coefficient decreases in a higher Reynolds number range. The Reynolds number 
range in which drag reduction occurs increases with increasing diameter. The flow 
visualization results show that the drag increases because of the existence of the wide 
stagnation zone around the cylinder. This zone disappears in the Reynolds number 
range in which drag reduction occurs. In this case, the separation point moves 
rearward and the velocity defect in the wake becomes smaller. 
Bergins et al. [15] investigated the influence of a dilute solution of the cationic 
surfactant (1000ppm) on the flow past a cylinder by means of LDV and Schlieren 
optics for visualisation of both the flow and the structure of the fluid. It has been 
observed that at low Reynolds numbers the flow is similar to the Newtonian Karman 
vortex street. The periodic vortex shedding disappears simultaneously with the 
occurrence of a shear induced structure. The alternation of the turbulence 
characteristics is especially pronounced in the turbulent velocity fluctuations with the 
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uRMS being many times over the values in water, whereas the vRMS values are 
drastically reduced. 
2.5 Numerical Studies on External Flow with Polymer/Surfactant Addition 
Numerical simulations of flows with polymer or surfactant additives are made under 
the  topic of viscoelastic flows. Main focus of the simulations is the modelling of the 
fluid with viscoelastic models. One of these models is based on molecular theories 
[16] using dumbbell representation for finitely extensible polymer chains. After the 
fluid representation, these models could be implemented to external flow problems 
such as flows around cylinders. Few studies have been made on this subject and most 
of them are related to the confined cylinders. As an example, Sahin and Owens [17] 
used constant type finitely extensible nonlinear elastic model and found that this has 
a stabilizing effect upon two-dimensional flow past a confined cylinder. This 
stabilizing effect depends strongly to the extensional properties of the polymer 
solution which is in agreement with the results of the experimental paper of 
Cressman et al. [13] on the importance of the extensional properties of polymers in 
reducing the kinetic energy contained in the velocity fluctuations behind a cylinder. 
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3.  EXPERIMENTAL SETUP 
3.1 Water Channel 
Experiments are carried out in the Large Scale Water Channel (LSWC) in Trisonic 
Laboratories of Istanbul Technical University. The water channel consists of a 
reservoir, a contraction region, test sections and a sink as schematically shown in 
Figure 3.1. 
 
Figure 3.1 : Schematic of Large Scale Water Channel 
The cross-sectional dimensions of the main test section are 1010mm × 790mm and 
maximum water depth of water that can be stored in LSWC is approximately 
780mm. In the experiments, the water depth is kept constant at 700mm and in that 
case  the total volume of liquid in the channel is about 14300 litres. The sidewalls 
and the bottom of the test section are constructed from transparent plexiglass which 
allows the use of laser based techniques like PIV and LDA. Speed of water flow 
within LSWC is controlled by an APC frequency converter which controls RPM of 
the centrifugal pump. Extensive DPIV measurements are carried out to determine 
flow uniformity in different parts of the test section. The results showed that the flow 
is uniform above U∞=0,0047m/s which corresponds to a Reynolds number of 160 for 
the circular cylinder of 3cm diameter. The coefficient of variation is found by DPIV 
to be 0,029 for the freestream velocity of U∞=0,0067m/s [18].   
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3.2 Models and Mounting 
Three different diameters are used for circular cylinders to perform experiments in a 
wide range of Reynolds number. These cylinders are made of plexyglass material 
and painted in black  to avoid reflections of the laser light on the surface of the 
cylinders. 1cm and 3cm diameter circular cylinders are mounted with two end plates 
to minimize the effects of boundary layers developing on the water channel walls. 
Length of these cylinders is 450mm. 10cm diameter cylinder is fitted into the water 
channel with two dougnuts at both ends. The dimensions of the cylinders and end 
plates are shown in the Figure 3.2. 
 






3.3 Polymer Addition and Rheometry Measurements 
The polymer used in the experiments is Flopam AN 913 SH (SNF Inc.). It is an 
anionic polyacrylamide in powder form and has a high molecular weight. The 
properties of the polymer is shown in the Table 3.1 below. 
Table 3.1 : Properties of the Flopam AN 913 SH Polymer 
 Flopam AN 913 SH 
Molecular Weight (Dalton) 10x106 
Approximate bulk density 0.80 
Approximate Brookfield viscosity (cps) @ 5.0 g/l              1300 
@ 2.5 g/l                500 
@ 1.0 g/l                150 
Recommended operating concentration 
(g/l) 
5 
Maximum operating concentration (g/l) 10 
Dissolution time in Dl water @ 5 g/l @ 
25°C (minutes) 
60 
Storage temperature (°C) 0-35 
Shelf life (months) 24 
Total liquid volume in the water channel is about 14300 litres when the water depth 
is 700 mm. Experiments have been performed in without polymer additives, 20 
weight parts per million (wppm), 40 wppm and 80 wppm polymer concentrations. In 
order to obtain these polymer concentrations 286, 572 and 1144 grams of polymer 
should be added in the water channel. First, master solutions are prepared with a 
concentration ranging between 4000-7000wppm. These master solutions are stirred 
with a mixer for about 3 hours. After dissolving the powder polymer, these solutions 
are let stand about 15 hours to get rid of air bubbles and to have a homogenous 
structure. Then, this master solution is added to the water channel water while the 
channel is running at high speed. The samples are taken from the water channel for 




Figure 3.3 : Rheometer measurements for different polymer concentrations 
3.4 Image Acquisition 
Two different Digital Particle Image Velocimetry (DPIV) systems are used to 
capture and process flow images. The first system consists of a dual cavity New 
Wave Solo PIV, Nd:Yag laser for illumination, two Redlake Megaplus ES 1.0 8-bit 
cameras with 1008×1016 pixel resolution and 15Hz double frame rate for image 
acquisition, a system hub from Dantec Dynamics (Dantec 2100, onboard 1.5GByte 
LifoBuffer) for synchronization and communication of the laser, cameras and the 
acquisition computer with a commercial acquisition and post-processing software, 
namely Flow Manager. The second system consists of  a dual cavity New Wave Solo 
PIV, Nd:Yag laser for illumination, two 10 bit Flow Sense cameras with 1600×1200 
pixels resolution and 15 Hz double frame rate, a timer box for synchronisation and a 
commercial acquisition and post-processing software, namely Dynamic Studio. The 
water is seeded with silver coated hollow glass spheres (S-HGS) of 10µm diameter. 
For each case 256 pairs of images are acquired from both cameras. 
3.5 Post Processing 
The acquired images are processed with the Flow Manager or Dynamic Studio 
softwares. Recorded images via two cameras are stitched by an in-house MATLAB 
script so that a larger flow field behind the body could be observed. Stitched images 
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of 32×32 or 64×64 pixels and 50% overlapping in each direction. Vector fields 
obtained by this process may have some bad vectors and these vectors are eliminated 
with range validation by assigning an appropriate velocity range. Average filtering is 
then applied with an averaging area of 3×3. Finally, vorticity fields, vector statistics 
and spectrum analysis are obtained from this processed data. Data sets and 
corresponding Reynolds numbers and cross correlation window sizes are given in the 
Table 3.2. 
Table 3.2 : Reynolds number and window sizes for data sets 







Φ = 30mm 
Without polymer, 
20wppm and 40wppm 500, 1000, 4000 64 × 64 2,92 × 2,92 
Circular 
Φ = 30mm 
80wppm 500, 1000, 4000 32 × 32 3,49 × 3,49 
Circular 
Φ = 10mm 
Without polymer, 20 
wppm, 40wppm and 80 
wppm 
100, 200, 350, 
500, 750, 1000, 
1250 




Without polymer, 20 





















4.  RESULTS 
4.1 Results on the Effect of Polymer Addition on Formation Length 
Figure 4.1 indicates the point where the velocity is equal to zero at the centerline of 
the cylinder in the streamwise direction. In this study, the distance from the cylinder 
base to that point is defined as the vortex formation length. 
 
Figure 4.1 : Definition of Vortex Formation Length 
In literature there are different definitions for the formation length. For example, 
Norberg [19] gives the collection of some early measurements for formation length 




Figure 4.2 : Vortex Formation Length vs Reynolds Number [19] 
The vortex formation lengths in Figure 4.2 from the paper by Gerrard [19] are 
determined via flow visualization as the distance of the points closest to the cylinder 
at which irrotational fluid crosses the wake center line. It has been shown by Bloor 
and Gerrard [19] that this definition is compatible with the definition used Norberg’s 
paper [19] where the vortex formation distance is determined based on the position 
of the maximum in the distributions of the RMS velocity along the wake center line. 
This compatibility is also shown in our study for 1cm and 3cm diameter cylinders 
RMS values distributions as shown in Figure 4.3. The zero velocity point on the 
centerline corresponds to the maximum RMS values in the figures. This gives us the 
possibility to compare the Newtonian fluid formation length results with the 
litterature. 
In Figure 4.2, it can be seen that the formation length changes even in the same 
Reynolds number because of different turbulence levels. Generally it could be 
observed that at approximately Re=200 formation length makes a minimum point 
around L/D=1, after that it increases up to around Re=1000 and then converges to a 











Vortex formation length results for Newtonian flow are given in the Figure 4.4 
below. When compared with the Figure 4.2 data, the compatibility is obvious. For 
example minimum formation length point near Re=200 and maximum point around 
Re=1000 can be clearly observed in Figure 4.4. As mentioned above, for the same 
Reynolds number different cylinder diameters have different formation length 
results. It is better and more confidential to consider higher Reynolds number region 
for every cylinder to comment on the results. 
 
Figure 4.4 : Vortex formation length with respect to Reynolds number 
Qualitatively, change in the formation length due to polymer addition can be seen on 
the streamlines obtained from the averaged velocity fields. The streamlines have 
been plotted for all Reynolds numbers, polymer concentrations and cylinder 
diameters in the Figures 4.5, 4.6 and 4.7. The saddle point on the cylinder axis 
corresponds to the downstream limit of the vortex formation length. These plots 
shows general trends, however for more definite results quantiative plots should be 

















Figure 4.5 : Mean streamline plots for 1cm diameter cylinder 
 
Figure 4.6 : Mean streamline plots for 3cm diameter cylinder 
 





Figure 4.8 : Variation of vortex formation length with respect to Reynolds  number 
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Table 4.1 : Vortex formation lengths with respect to Reynolds number and 





20wppm 40wppm 80wppm 
100 1,496 1,352 1,292 1,376 
200 1,109 1,185 1,061 1,167 
350 1,077 0,845 0,872 0,916 
500 1,383 1,148 1,108 1,028 
750 1,772 1,446 1,446 1,392 
1000 1,877 1,615 1,509 1,452 
1250 1,652 1,578 1,798 1,636 
3 cm 
500 1,439 1,426 1,343 1,285 
1000 1,933 1,896 1,669 1,718 
4000 1,208 1,339 1,471 1,564 
10 cm 
1000 1,832 1,890 1,902 1,714 
2500 2,118 1,894 1,940 1,695 
4000 2,079 2,291 2,286 2,260 
5000 2,009 2,123 2,292 2,242 
7500 2,000 1,961 2,222 2,119 
10000 1,689 2,034 2,009 1,953 
13000 1,537 1,822 1,730 1,790 
 
Generally, vortex formation length decreases for Newtonian flow and flows with 
polymer  additives up to Re=350. After this Reynolds number, formation length 
increases and reaches its maximum value around Re=1000. Beyond this Reynolds 
number, formation length decreases with increasing Reynolds number. 
Up to Re=1000, flows with polymer additives have smaller formation lengths than 




Formation length results for 10cm diameter cylinder are generally compatible with 
other smaller diameter cylinders’ results. However, 10cm diameter cylinder data do 
not present distinguisable and confidential results for different polymer 
concentrations. For the highest Reynolds number it is possible to conclude from the 
10cm diameter cylinder results that the vortex formation length is longer for polymer 
added flows compared to the Newtonian flow. On the other hand, this elongation is 
not proportional to polymer concentration ratio. 
4.2 Results on the Strouhal Number 
In this study, the Strouhal number is determined by placing a vorticity probe on the 
PIV images at the center of the vortices shedding from upper and lower shoulders of 
the cylinders. The variation of vorticity with time at that probe location is deduced 
from the DPIV images to obtain vortex shedding frequency via a power spectrum 
analysis. Strouhal number can then be determined using this information along with 
the cylinder diameter and the freestream velocity. 
The results on Newtonian flow show that the Strouhal number variation with respect 
to Reynolds number is in agreement with the litterature [20,21]. 
The Strouhal number variation for flows with polymer additives and Newtonian 
flows are presented in Figure 4.9 and the corresponding values are given in Table 
4.2. For 1cm and 3cm diameter cylinders, there is not a noticeable difference 
between flows with polymer additives and Newtonian flow. Polymer concentration 
also seems to have no effect on vortex shedding frequencies. However, the results 
obtained from 10cm diameter cylinder show that, for Re<4000, the Strouhal number 
increases with respect to that for Newtonian case as the concentration ratio increases. 
At this point, it should be noted that for this Reynolds number range, the freestream 
flow speeds are considerably lower when 10cm diameter cylinder is used, compared 
to the flow speeds required for the same Reynolds numbers with 1cm and 3cm 
diameter cylinders. The vortical structures are also visualized in detail when the 
experiments are done with 10cm diameter cylinder. The measured frequencies may 
probably be affected by small scale structures in the separating shear layers and their 
instabilities.  Therefore, it should not be concluded that the increase in Strouhal 
number for Re<4000 is a result of polymer addition. As a summary, in general, 
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20wppm 40wppm 80wppm 
100 0,152 0,160 0,159 0,159 
200 0,174 0,169 0,175 0,177 
350 0,199 0,201 0,204 0,195 
500 0,197 0,202 0,204 0,199 
750 0,201 0,207 0,206 0,204 
1000 0,209 0,209 0,207 0,207 
1250 0,210 0,208 0,208 0,206 
3 cm 
500 0,201 0,203 0,200 0,202 
1000 0,208 0,207 0,207 0,200 
4000 0,197 0,202 0,200 0,198 
10 cm 
1000 0,196 0,215 0,231 0,257 
2500 0,187 0,200 0,218 0,237 
4000 0,213 0,226 0,231 0,239 
5000 0,218 0,227 0,197 0,199 
7500 0,235 0,228 0,210 0,229 
10000 0,218 0,234 0,220 0,234 
13000 0,217 0,219 0,230 0,228 
4.3 Results on Drag Coefficient 
In literature, there are different methods  to determine the drag coefficient by using 
velocity profiles and fluctuation terms. One of these methods is described by 
Dimotakis [22] and used in various studies such as the work of Wen [23], Lee [24].  
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where h is the visualization region height, U is the horizontal component of velocity, 
U∞ is the free stream velocity and η≡y/h is the normalized cross-stream position. 














































   (4.2) 
where u’ and v’ are streamwise and cross-stream rms velocities. 
While calculating the drag coefficient, fluctuation terms are negligible when velocity 
profiles are taken 30 diameters away from the cylinder [23]. For the initial 
calculations, this formulation is adopted and the drag coefficient values are estimated 
between 0,8 and 1,5, the order of magnitude being in agreement with previous 
studies [24,25]. However, further calculations showed that this formulation may 
include some errors because of the dependency on visualization region height, h. 
Especially, comparing the results for the same Reynolds number obtained using 
different diameter cylinders and therefore different visualization areas, the existence 
of this term is disadvantageous. 
In this study, drag coefficient is estimated using the method described by Antonia 
and Rajagopalan [26]. In this formulation, the first term (I1) is the momentum deficit 
of the time averaged flow field and the second term (I2) is the contribution of the 
turbulent fluctuations. As it can be seen from the formulation, this method does not 
include visualization region height term, is easier to apply to our experimental data 
















      (4.3)
 
 I1          I2  
Antonia and Rajagopalan [26] suggest that if the velocity profiles are taken 30 
diameters away from the cylinder, the contribution of the second term can be 
neglected. However, in our study the visualized region is limited. The maximum 
horizontal distance observed in the wake of the cylinder is ~12D for 1cm diameter 
cylinder, ~5D for 3cm diameter cylinder and ~2,5D for 10cm diameter cylinder. 
Therefore, fluctuation terms are included in this study and for the velocity profiles, 
the optimum distance is determined such that it gives the compatible results with the 
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litterature. Velocities in the upper and lower bounds of the visualized area should be 
theoretically the same. However, there are minor variations in the experimental 
results. These differences contribute to errors in the Cd values. Therefore, the 
velocity profiles are assumed to be symmetric along the cylinder axis and 
calculations are based on half plane results to avoid the aforementioned problem. For 
Newtonian cases at different Reynolds numbers, the variations of the I1 and I2 values 
with distance in the near-wake are presented in Figures A.1-A.7 and Table A.1-A.7 
of Appendix A. Position of the cylinder and coordinate definitions are shown in the 
Figure 4.10 below. 
 
Figure 4.10 : Cylinder position and coordinate definitions 
In the calculation of drag coefficient, the point where the velocity reaches half of the 
free stream velocity downstream of the cylinder at its centerline has a critical 
importance. Near this point, Cd values reaches a maximum and then it starts to 
decrease moving away from the cylinder. Between cylinder base and this “0,5 U∞”  
point, the curve representing the variation of the integrand of I1 shows a deficit at the 
centerline which reduces the area. Therefore, when this deficit is present, calculated 
Cd values is less than expected. This problem is obvious when the velocity profiles in 
the separation zone (left hand side of the saddle point on the streamlines) are 
considered. The calculated drag coefficient can be obtained as a negative value in 
this region, very close to the cylinder base. Flipping the curve belonging to this 
deficit region and therefore adding it to the integration instead of substracting gives 
reasonable Cd values that are presented in brackets in the preceding tables. In the 
calculations of drag coefficient performed for 1cm and 3cm diameter cylinders, 
velocity profiles are taken approximately 2D away, after this “0,5 U∞” point 
determined separately for all cases. This distance where the velocity profiles are 
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considered for integration gives optimum results for Cd in comparison with the 
litterature (Wieselsberger [27]) for Newtonian flow. 
 
Figure 4.11 : Drag coefficient for circular cylinders as a function of the Reynolds 
number [27] for Newtonian flow 
For 10cm diameter cylinder, “0,5 U∞”  point cannot be captured in the visualized 
area. All the velocity profiles are taken at 2,5D away from the base of the cylinder. 
Since vortex formation length (VFL) is different for the Reynolds numbers 
investigated, VFL distance is proportionated to 2,5D and the calculated drag 
coefficients using the velocity profiles at 2,5D are compared with the values found in 
litterature. Those two ratios are plotted and a second degree polynomial function is 
fitted to the data as shown in Figure 4.12. This function gives us the possibilty to 
extrapolate the Cd values for flows with polymer additives at high Reynolds numbers 
obtained using 10cm diameter cylinder. Drag coefficients for flows with polymer 
additives are calculated using this function along with their VFL  and calculated Cd 




Figure 4.12 : Second order polynomial used to calculate Cd for 10cm diameter 
cylinder 
The drag coefficient values obtained by Wieselsberger and which correspond to the 
Reynolds numbers investigated in the current study are exported from the original 
Figure 4.11 by a program called Tecdig. The comparison between Wieselsberger’s 
and our Cd data for Newtonian flows is shown  in the Figure 4.13. Drag coefficients 
calculated with the formulation and method described above for three different 
cylinder diameters and different polymer concentration ratios are presented in the 
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20wppm 40wppm 80wppm 
100 1,513 1,579 1,512 1,350 
200 1,368 1,365 1,450 1,392 
350 1,164 1,387 1,319 1,338 
500 1,187 1,222 1,234 1,234 
750 1,056 1,173 1,246 1,240 
1000 1,064 1,170 1,171 1,240 
1250 1,158 1,196 1,234 1,170 
3cm 
500 1,138 1,150 1,273 1,542 
1000 1,042 1,089 1,084 1,306 
4000 1,035 1,123 0,985 1,033 
10cm 
1000 1,130 1,272 1,030 0,558 
2500 0,857 1,021 0,796 0,591 
4000 1,017 1,014 0,957 0,877 
5000 1,086 1,129 1,151 0,941 
7500 1,091 1,068 1,219 1,044 
10000 1,090 1,174 1,058 0,957 
13000 1,159 1,106 1,057 0,869 
 
For Newtonian flows, the drag decreases with increasing Reynolds number up to a 
value close to 1,0 at approximately Re=1000. Thereafter drag remains relatively and 
approximately constant until very large Reynolds numbers (~105) are reached. Flows 
with polymer additives behave similarly if they are considered individually without 
comparing the values with Newtonian flows. 
Generarally, up to Re=1000 it is observed that polymer addition has an effect of 
increasing the drag coefficient. However, the situation is reversed between Re=1000 
and Re=4000. Reduction in drag is detected first for high polymer concentrations. At 
30 
 
Re=13000, drag reduction can also be observed for low polymer concentrations. It 
should be noted that after Re=4000, drag coefficient calculations involve 
extrapolation and therefore may include some errors. Eventhough only the results 
obtained using 1cm and 3cm diameter cylinders are considered, polymer addition 
results in an increase in drag for Reynolds numbers up to 1000, whereas in a drag 






5.  CONCLUSIONS 
In this study, the effects of polymer addition on the flow structures and properties 
around circular cylinders are investigated experimentally using Digital Particle 
Image Velocimetry (DPIV) technique to determine the velocity fields at different 
Reynolds numbers, for various cylinder diameters and polymer concentration ratios. 
Reynolds numbers are ranging between 100 ≤ Re ≤ 13 000 and polymer 
concentrations are 20wppm, 40wppm or 80wppm in the experiments that are 
performed using three different cylinders with 1cm, 3cm and 10cm diameters. 
Vortex formation in the cylinder’s near-wake region is examined and formation 
lengths, shedding frequencies and drag coefficients are calculated and the values 
obtained for flows with polymer additives are compared with those of Newtonian 
flow. The major results can be summarized as follows: 
- Up to Re=1000, flows with polymer additives have shorter vortex formation 
lengths than those of Newtonian cases. After Re=1000, polymer addition 
increases the vortex formation length. 
- Polymer addition does not have a significant effect on the Strouhal number. 
- Polymer addition results in an increase in drag for Reynolds numbers up to 
1000, whereas in a drag reduction for Re=4000 and higher Reynolds 
numbers.  
In this study, the flow is considered to be two-dimensional. The measurements and 
related calculations are based on this assumption. Future work should incorporate 
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APPENDIX A : Variation of Drag Coefficient Integration Terms I1 and I2 
 
Figure A.1 : Variation of Cd integration terms I1 and I2 with distance for 1cm 
diameter cylinder at Re=500 (Newtonian) 
Table A.1 : Cd integration terms I1, I2 and drag coefficient values for 1cm diameter 
cylinder at Re=500 (Newtonian) 
1cm Re=500 (Literature [27] Cd=1,19) 
Distance I1 I2 Cd 
1 D -0,2002(0,8136) 0,0412 -0,1590(0,8549) 
1,5 D 0,5266(0,8558) 0,2362 0,7628(1,0920) 
2,5 D 0,9682 0,2620 1,2303 
3D 0,9876 0,2666 1,2544 
4D 0,9486 0,2410 1,1897 
5D 0,9544 0,1970 1,1515 
10D 0,8928 0,0764 0,9694 

































Figure A.2 : Variation of Cd integration terms I1 and I2 with distance for 1cm 
cylinder at Re=1000 (Newtonian) 
Table A.2 : Cd integration terms I1, I2 and drag coefficient values for 1cm diameter 
cylinder at Re=1000 (Newtonian) 
1cm Re=1000 (Literature [27] Cd=1,02) 
Distance I1 I2 Cd 
1 D -0,3412(0,6390) 0,0488 -0,2924(0,6879) 
1,5 D 0,0408(0,9614) 0,0922 0,1330(1,0538) 
2,5 D 0,8704(0,8940) 0,2330 1,1035(1,1271) 
3D 0,9676 0,2218 1,1895 
4D 0,9322 0,2065 1,1388 
5D 0,9070 0,1844 1,0916 
10D 0,8292 0,0750 0,9043 


































Figure A.3 : Variation of Cd integration terms I1 and I2 with distance for 3cm 
diameter cylinder at Re=1000 (Newtonian) 
Table A.3 : Cd integration terms I1, I2 and drag coefficient values for 3cm diameter 
cylinder at Re=1000 (Newtonian) 
3cm Re=1000 (Literature [27] Cd=1,02) 
Distance I1 I2 Cd 
1 D -0,0388(1,0542) -0,0480 -0,0868(1,0062) 
1,5 D 0,0946(1,0224) 0,0728 0,1674(1,0952) 
2 D 0,4717(0,8628) 0,2312 0,7029(1,0941) 
2,5D 0,7246(0,7548) 0,3162 1,0408(1,0710) 
3D 0,7684 0,3438 1,1122 
4D 0,7470 0,3452 1,0922 































Figure A.4 : Variation of Cd integration terms I1 and I2 with distance for 3cm 
diameter cylinder at Re=4000 (Newtonian) 
Table A.4 : Cd integration terms I1, I2 and drag coefficient values for 3cm diameter 
cylinder at Re=4000 (Newtonian) 
3cm Re=4000 (Literature [27] Cd=0,99) 
Distance I1 I2 Cd 
1 D 0,1656(1,0072) 0,0866 0,2523(1,0939) 
1,5 D 0,7092(0,8391) 0,2372 0,9465(1,0764) 
2 D 0,8664 0,2629 1,1293 
2,5D 0,8687 0,2998 1,1685 
4D 0,706 0,3026 1,0087 
































Figure A.5 : Variation of Cd integration terms I1 and I2 with distance for 10cm 
diameter cylinder at Re=1000 (Newtonian) 
Table A.5 : Cd integration terms I1, I2 and drag coefficient  values for 10cm 
diameter cylinder at Re=1000 (Newtonian) 
10cm Re=1000 (Literature [27] Cd=1,02) 
Distance I1 I2 Cd 
1 D 0,1552(1,3108) -0,1212 0,0338(1,1894) 
1,5 D 0,3490(1,2682) -0,049 (-0,0491) 0,3000(1,2191) 
2 D 0,6614(1,0552) 0,0786(0,0726) 0,7401(1,1278) 





























Figure A.6 : Variation of Cd integration terms I1 and I2 with distance for 10cm 
diameter cylinder at Re=4000 (Newtonian) 
Table A.6 : Cd integration terms I1, I2 and drag coefficient  values for 10cm 
diameter cylinder at Re=4000 (Newtonian) 
10cm, Re=4000 (Literature [27] Cd=0,99) 
Distance I1 I2 Cd 
1 D 0,0868(1,1800) -0,0270 0,0598(1,1530) 
1,5 D 0,1108(1,1271) 0,0001 0,1119(1,1282) 
2 D 0,3547(0,8939) 0,0610 0,4157(0,955) 






























Figure A.7 : Variation of Cd integration terms I1 and I2 with distance for 10cm 
diameter cylinder at Re=10000 (Newtonian) 
Table A.7 : Cd integration terms I1, I2 and drag coefficient  values for 10cm 
diameter cylinder at Re=10000 (Newtonian) 
10cm, Re=10000 (Literature [27] Cd=1,14) 
Distance I1 I2 Cd 
1 D 0,0782(1,2548) -0,0927 -0,0145(1,1620) 
1,5 D 0,3075(1,0627) 0,0523 0,3599(1,1151) 
2 D 0,5916(0,8266) 0,1902 0,7818(1,0168) 
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